or attenuates blood-nerve barrier disintegration during chronic nerve injury (2) . MP depletion is also beneficial in the case of pulmonary and hepatic injury induced by toxicants (3) . As the effects of MPs can be either beneficial or deleterious (4-6), depending on the concentration of MP supernatant used (for in vitro studies) or the time point when MP depletion is induced (in vivo models), it is clear that the actions of MPs are complex. In support of this, several studies have demonstrated beneficial roles for MPs in the context of tissue homeostasis and repair. For example, MP-secreted factors have been reported to promote the survival, regeneration and neurite extension of neurons (7) (8) (9) , proliferation of hepatocyte (10) and skeletal muscle regeneration (11) (12) (13) .
The multiplicity of MP effects is likely due to their inflammatory profile or state of activation.
Indeed, MPs adopt various inflammatory profiles depending on their environment. To help in understanding these various phenotypes, MPs have been classified into four main subtypes (14, 15) . Adult skeletal muscle regeneration is an excellent paradigm of sterile inflammation with complete resolution. While the exact time course of human skeletal muscle regeneration has not been determined due to the restrictions of being able to sample human muscle a limited number of times using the biopsy technique, the time it takes for regeneration to be completed is known to vary depending on the nature of the experimental model employed. For example it has been shown that models of acute muscle damage employing neuromuscular electrical stimulation, in contrast to voluntary contractions, are required if the goal is to induce damage and regeneration, clearly observable by signs such as infiltration of macrophages into the myofibres, activation and proliferation of satellite cells, and the presence of myofibres positive for embryonic myosin (17) (18) (19) (20) .
With regard to the time course of human muscle regeneration, studies aiming to examine the endpoint are sparse, with one recent study demonstrating ongoing regeneration of the myofibres and remodelling of the extracellular matrix as late as 30 days after a single bout of electrical stimulation (17) . Several studies have demonstrated the presence of damaged fibres from a range of 2 to 7 days post trauma (19) (20) (21) , confirming the complexity of the sequence of events required for successful and complete regeneration of damaged skeletal muscle. From the few studies investigating muscle regeneration in humans, thus, it appears that biopsy sampling approximately 7 In vivo experiments in mouse have shown that MPs are very important for muscle repair (22) . A sequential involvement of pro-inflammatory and alternatively activated/anti-inflammatory MPs has been delineated in this process. The first appearing pro-inflammatory MPs enter into the damaged muscle and a few days later, they convert into anti-inflammatory MPs (11) . Meanwhile, the main muscle stem cells, satellite cells, undergo adult myogenesis through several sequential steps, each of which must be correctly completed to accommodate successful achievement of the subsequent steps. This process begins with the activation of the quiescent satellite cells on the myofibre by a damage signal. Activated myogenic precursor cells (MPCs) proliferate and it is believed that most of them enter into terminal myogenic differentiation, while a subset returns to quiescence to selfrenew the satellite cell pool (23) . Adult myogenesis encompasses: i) activation of quiescent satellite cells and expansion of MPCs; ii) the commitment of MPCs into terminal differentiation. This requires cell-cycle withdrawal and expression of the myogenic programme including the expression of the myogenic regulatory factors myogenin and MRF4 and contractile proteins such as myosins; iii) the migration of the cells towards each other to establish cell/cell contacts and iv) the fusion of the cells into plurinucleated and contractile structures that form myotubes in vitro and myofibres in vivo.
In the present work, we studied for the first time in human the relationship between the inflammatory profile of MPs and their regulatory role on the homeostasis of MPCs. We explored using human coculture in vitro which steps of adult myogenesis are controlled by differentially activated MPs and analysed the involvement of a series of MP-secreted effectors. In vivo, we investigated in parallel the kinetics of adult myogenesis and the presence of MP subtypes during human skeletal muscle regeneration. Human MP culture. MPs were obtained from human Buffy-coat (purchased from Etablissement Francais du Sang according to INSERM-EFS agreement number C CPSL UNT n°09/EFS/024) as previously described (11, 25) . MPs seeded in 12-well plates (36 000 cells/cm²) were activated/polarized for 2-3 days into M1 MPs with 1 µg/ml LPS and 10 ng/ml IFNγ, into M2c MPs with 10 ng/ml IL10 and 80 ng/ml Dexamethasone, or into M2a MPs with 10 ng/ml IL4. Cells were then extensively washed (4 times) with serum-free medium to remove the effectors. Conditioned media were obtained by incubating MPs for 24h in advanced RPMI medium (Gibco) containing 0.5% FBS.
Analysis of surface antigen expression was performed by flow cytometry. Activated MPs were detached by non enzymatic dissociation solution (Sigma-Aldrich) and gently scraped before being incubated with anti-CD16, HLA-DR, CD80, CD206 and CD163 antibodies (BD Pharmingen).
In vitro myogenesis. MPCs were seeded on glass coverslips at 12000 cells/cm² and incubated with or without MP-conditioned medium for 3 days. In some experiments (Fig.1 ), MPCs were seeded on activated MPs. In other experiments ( (11, (26) (27) (28) .
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Stem Cells
Myogenic fusion. MPCs were differentiated into myocytes for 3 days. These differentiated cells were seeded at high density: 50000 cells/cm², in 96 well plates. In this condition, the differentiation process and migration events were prevented. MP-conditioned medium was added and cells further cultured for 72h. (Fig.4 ). Myotubes were also classified according to the number of myonuclei they contained and their distribution was expressed as a percentage of the total number of myotubes (Fig.4) . MPC migration. Migration was performed using two chambers Ibidi inserts (Ibidi GmbH). One chamber was filled with 4500 MPCs in growth medium. The second chamber was seeded with 25000
MPs. MPs were activated for 3 days. The silicone walls of the device were removed and cells were 
RESULTS
Human MPC cultures were used in the in vitro study. More than 97% of these cells expressed CD56, a canonical marker for myogenic cells in human (Suppl.Fig1). After an expansion phase during which they proliferate, the majority of human MPCs enter into terminal differentiation and express myogenin (29) . A subset of 15-20% of MPCs returns to quiescence to constitute a reservoir (29, 30) .
Differentiation is associated with migration of the cells into "areas" where fusion takes place (31) . As previously shown, human MP activation triggers specific inflammatory profiles: M1 MPs secrete high levels of TNFα and IL1β (11) . Flow cytometry analysis revealed that, as expected, M1 MPs expressed high levels of the co-stimulatory antigen CD80, M2a MPs expressed CD206 and M2c MPs expressed CD163. However, M2c MPs also expressed high levels of CD206 (Suppl.Fig1).
Polarized MPs exert their effect on MPCs through soluble factors
We checked whether the effects of activated/polarized MPs were triggered by soluble factors or whether contact between the two cell types was essential for the regulation of myogenesis. MPCs 
M2a MPs and M2c MPs stimulate MPC commitment into myocytes
Commitment into myocytes, which is the entry into terminal differentiation, was analysed through the expression of myogenin in low-density cell cultures, to prevent migration/fusion of the cells. M1 MP-conditioned medium did not alter the expression of myogenin by MPCs while M2a MPand M2c MP-conditioned media strongly increased myogenin expression, by 2.7 and 4.2 fold, 
M1 MPs stimulate MPC motility

M1 MPs do not attract MPCs while they migrate towards MPCs
Cell migration towards a gradient/other cell type was analysed in a double chamber silicone device ( 
M1 MPs inhibit MPC fusion
Already differentiated myocytes (preventing the differentiation parameter) were plated at high density (preventing the migration parameter) in MP-conditioned media to evaluate fusion after desmin immunolabelling (Fig. 4A ). Fusion index was strongly decreased in MPCs cultured with M1
MP-conditioned medium (63%, p<0.05) (Fig.4B ). The myotube distribution was significantly different under all MP conditions tested compared to MPC alone (p<0.05). In particular, M1 MP-conditioned medium inhibited the formation of large myotubes (75% inhibition for myotubes containing over 10 nuclei, p<0.05) while the formation of small myotubes (3 to 5 nuclei) was unaffected (Fig.4C) . As a whole, the fusion index of MPCs was not affected by M2a MP-and M2c MP-conditioned media (Fig.4B) . However, the distribution of myotubes was significantly different from that of MPCs cultured alone (both p<0.05). M2c MP-conditioned medium stimulated the formation of large (Fig.4C) . Similarly, M2a MPconditioned medium stimulated the formation of large myotubes (52%, p<0.05) (Fig.4C) . In both cases, the formation of small myotubes was not altered. These results suggest that activated MPs differentially control the formation of mature myotubes.
Effectors secreted by activated MPs regulate in vitro myogenesis
Some MP-released effectors are known or believed to have an impact on MPCs. However, the role of these effectors in the regulation of myogenesis through secretion by MPs has not been established. We tested the involvement of a series of 7 molecules in the regulation of myogenesis by
MPs through the use of blocking antibodies. Blocking IL6 ( all MP-conditioned media, although the effect was more pronounced for M1 MPs (+58%, +20% and +26% for M1 MPs, M2a MPs and M2c MPs, respectively, all p<0.05). As TNFα is known to have differential effects on myogenesis depending on its concentration (32), we used two dilutions of blocking antibodies (Fig.5D ). At a low dilution, anti-TNFα decreased myotube formation in M2a MPand M2c MP-conditioned medium treated MPCs (30 and 31%, p<0.05) while it had no effect on M1
MP-conditioned medium treated cells (Fig.5D , white bars). At a higher concentration, anti-TNFα still decreased myotube formation in M2a MP-and M2c MP-conditioned medium treated cells -to the same extent (p<0.05) -and increased myotube formation of MPCs incubated with M1 MPconditioned medium (+27% of fusion, p<0.05) (Fig.5D, gray bars) . Blockade of the TNFα-family member TWEAK did not affect the formation of myotubes by MPCs in all conditions (Fig.5E ). Anti-IL13 antibodies induced an increase of myotube formation in MPCs cultured only in the presence of M1 MP-conditioned medium (+50%, p<0.05) (Fig.5F ). Adding blocking anti-TGFβ antibodies significantly reduced the formation of myotubes in MPC cultures treated with M2a MP-and M2c MPconditioned media (-26 and -27%, respectively, p<0.05) (Fig.5G) . Except for the TWEAK antibody, To explore inflammation during in vivo human muscle regeneration, we used a protocol combining lengthening contractions and electrostimulation (20) . This resulted in myofibre damage, and the kinetics of tissue repair can be followed during the ensuing muscle regeneration. Suppl. Fig.2 shows that in normal untreated human muscle (day 0), CD56 positive cells (CD56 pos ) were observed throughout the muscle, at the normal place of satellite cells, while no staining was observed for the embryonic form of myosin heavy chain, which is a characteristic of regenerated/regenerating myofibres (35) . On day 7 after the damage induction, the myogenic marker CD56 stained numerous areas while embryonic myosin heavy chain stained several regenerating myofibres (Suppl. Fig.2, day   7 ). These areas associated with CD56 pos cells and young new myofibres were observed in regions of damaged myofibres and where regeneration took place. These regions, which we called regenerating areas, were distributed throughout the muscle biopsy cross section (Suppl. Fig.2, day 7) . On day 30 after damage, the muscle had recovered its normal histology, except for very rare myofibres with a centrally located myonucleus (Suppl. Fig.2, day 30) . That the dynamic processes of damage and regeneration can be followed so clearly in this model makes it suitable for studying the relationship between MP activation and myogenesis in vivo.
To assess MP activation in vivo, we analysed on serial sections the expression of various pro and anti-inflammatory markers, together with myogenic markers, during normal human skeletal muscle regeneration. Pax7 is a transcription factor expressed by quiescent and cycling, but not differentiating, MPCs. CD56 is expressed by quiescent, cycling, differentiating MPCs and young In normal muscle at steady state, almost no CD56 pos cells were ki67 pos indicating that they were quiescent (Fig.6, d0) , as previously reported (18) . As expected, no labelling for myogenin was observed (data not shown). Few cells were observed in the interstitial space that were positive for CD68, CD206 or CD163; no positivity was observed for iNOS, COX2 or Arg1 (Fig.6, d0) . (Fig.6, d7, Fig.7 (Fig.6, d7, Fig.7 ).
Conversely, Arg1-expressing MPs were more numerous in regenerating areas containing myogenin pos (Fig.6, d7, Fig.7 ). The actual expression of iNOS, COX2 and Arg1 by CD68 MPs was assessed by confocal microscopy (Fig.7) .
Immunostainings showed that most of the regenerating areas contained MPs expressing CD206 and CD163. However, regenerating areas containing myogenin pos MPCs were associated with 1.8 fold more CD206 pos MPs and CD163 pos MPs (p<0.05) (Fig.6, d7, Fig.7) . It has been shown that murine myogenic cells express CD206 (36) . Colabelling of regenerating human muscle with CD68 and CD206
showed that almost all CD206 pos cells observed in the regenerating areas were costained with CD68
indicating their macrophagic origin (Suppl. Fig.3 ). Thirty days after damage, no cycling or differentiating cells were observed (Fig.6, d30 ). With regard to the untreated muscle at d0, few MPs expressing CD68, CD206 or CD163 were observed between the myofibres, and they did not express iNOS or COX2. Some MPs expressed Arg1 (Fig.6, d30 ). Taken together, these data reveal that different MP subsets are preferentially associated with areas containing proliferating or differentiating MPCs. In our in vitro coculture system, based on a 1:3 MP:MPC ratio, we here showed that MPs mainly exerted their effects on myogenesis through the secretion of soluble factors. We have previously shown in vitro that M1 MPs stimulate MPC proliferation while M2a MPs and M2c MPs do not (11).
Here we explored each step of in vitro myogenesis using an experimental setup that allows for analysis of each step independently of the others: commitment into myocyte, migration and fusion It is likely that the MP activation states used for in vitro studies are not fully representative of MP subsets found in vivo (14, 74) . Therefore, we followed, to our knowledge for the first time in human, the regeneration of skeletal muscle in muscle biopsies obtained from healthy young men who had performed maximal lengthening contractions of the quadriceps muscles -a model that has previously been used in many human studies of muscle damage (21, (75) (76) (77) . However, not all studies using this model have observed damage in muscle biopsies collected in the days after exercise (20, 78) . Furthermore, in a previous study (20) , electrical stimulation was reported to result in greater muscle damage than voluntary contractions. In light of this, and in order to ensure initiation of damage and regeneration processes, we increased the load delivered to the muscle by electrically stimulating the vastus lateralis muscle while the subject was contracting the muscle voluntarily.
Analysis of muscle biopsies collected before and after this stimulus to the muscle enables distinct muscle regenerative events to be followed clearly in humans in vivo.
We investigated the expression of a series of MP markers, together with myogenic markers, during the time course of regeneration in human muscle. The first lesson from this study is that MP subsets cannot definitively be identified by a sole marker, and that multiple labellings are required to attempt to define MP subsets in vivo. We analysed the expression of iNOS, COX2 and Arg1 by CD68 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 inserm-00787108, version 1 -11 Feb 2013 . Therefore, although general conclusions regarding the time course of some major biological events can be drawn, one must keep in mind that these events spatially and temporally overlap.
We present here the first time course of analysis of inflammation during human skeletal muscle regeneration. Our results confirm that both in normal muscle and once regeneration is completed, almost no MP is present in the muscle parenchyma. Regenerating areas are associated with MPs, the vast majority (over 80%) being associated with MPs expressing pro and anti-inflammatory markers.
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